Introduction
============

Coronary artery disease (CAD) is the most common cause of death in western countries [@B1],[@B2]. Despite advances in treatment of CAD with stabilizing medication and mechanical revascularization, a large number of patients cannot be treated successfully and suffer from refractory angina and post infarction heart failure.

Stem cell therapy with the potential to regenerate damaged tissue is an emerging treatment modality in many diseases including CAD [@B3]. This field has been dominated by a quick translation from bench to bedside, where most early clinical trials have had a pragmatic design with intracoronary infusion of autologous bone marrow derived mononuclear cells (MNCs). The cell processing procedures and methods of implantation often vary between research groups, and choice of endpoint assessment in these clinical trials are often determined by local accessibility and expertise rather than by scientific rationale which has led to a number of clinical trials with diverging results.

This has opened for a reverse translation back to bench to clarify some of the unknown factors. A key question is to assess the migration and retention of these transplanted stem cells at the site of delivery. Moreover, there is a need to develop non-invasive technologies to assess their in vivo efficacy.

Development of methods for monitoring stem cell grafts non-invasively, with sufficiently high sensitivity and specificity to identify and map the fate of transplanted cells has a pivotal role in this translation. The ideal imaging method should permit longitudinal tracking of implanted cells for months to years allowing long-term follow-up of tissue function and donor survival. Also, the imaging technique should provide high spatial resolution and the capability of tracking cells without affecting the cells or the target organ. It is therefore important that the chosen labels or markers remain within the viable cells, and is quickly cleared from the tissue upon cell death. No single imaging modality currently meets all of the demands, but various modalities can be used for cell imaging. The most effective imaging strategy must be determined in each case considering the need for high spatial resolution, sensitivity, or time of follow up.

In this review, we will summarize the latest advances within the field of molecular imaging of cardiovascular stem cell transplantation and describe various cell labeling and imaging techniques.

Cardiovascular cell tracking with radionuclides
===============================================

Imaging of radionuclide labeled cells using single-photon emission computed tomography (SPECT) or Positron emission tomography (PET) have been used for cell tracking in both animal and human clinical cardiovascular studies. Cell tracking using radioisotopes provides a highly sensitive spatial visualization of cells in vivo. However, PET and particularly SPECT have inferior spatial resolution compared with magnetic resonance imaging (MRI). Moreover, the radioisotopes have relative short half-lives and cells can only be visualized as long as the radioactivity is still detectable. This has limited the use of these methods for investigating the short-term fate of transplanted cells.

Radioactive contrast agents for stem cell tracking
--------------------------------------------------

A number of radionuclides can theoretically be used for stem cell labeling, and the most commonly used are ^18^F- fluorodeoxyglucose (^18^F-FDG) for PET imaging and ^111^In-oxine, ^111^In-tropolone and ^99m^Tc-hexamethylpropylenamineoxime (^99m^Tc-HMPAO) for SPECT imaging. A persistent limitation for SPECT imaging is that in order to generate useful images within a reasonable timeframe, the administration of relatively large doses of radioactivity are required. This poses the concern of inherent radiation damage to the cells. PET has a better spatial and temporal resolution than SPECT, which in theory makes it better suited for stem cell tracking than SPECT. However the half-life of ^18^F is only 110 minutes compared to 2.8 days for ^111^In and 6 hours for ^99m^Tc. Thus, until isotopes with longer half-lives are introduced for clinical use, only the immediate fate of transplanted stem cells can be investigated.

Cardiovascular animal cell tracking studies using radionuclides
---------------------------------------------------------------

Tracking of radionuclide labeled cells have been utilized in both animal and human studies (**see Table [1](#T1){ref-type="table"}**).

In a rat study, human endothelial progenitor cells (EPCs) labeled with ^111^In-oxine, were injected both intravenously and into the left ventricle of the heart after myocardial infarction (MI) [@B4]. After 96 hours the radioactivity in the heart was only 1-2% of the total with intravenous injection, this increased to 3-5% after ventricular injection. Cardiac retention was higher in MI rats than in sham operated rats. Postmortem Immunostaining of cryosections from the infarcted hearts confirmed that EPCs homed predominantly to the infarct border zone. Moreover, the labeling procedure did not affect viability, proliferation, or migratory capacity. The same group did another rat study in which human hematopoietic stem cells (HSCs) labeled with ^111^In-oxine were injected into the left ventricle after MI [@B5]. Again only a small number amount (1%) of radioactivity was from the heart after 96 hours. Interestingly this study showed impairment of cell proliferation and differentiation induced by ^111^In-oxine.

Tran et al. did a study on rats with autologous mesenchymal stromal cells (MSCs) labeled with ^111^In-oxine were injected intramyocardially 4 weeks post MI [@B6]. In an initial in-vitro experiment the spontaneous leaking rate of ^111^In-oxine from labeled MSCs was measured to 28% per hour during the first 2 hours and hereafter decreased rapidly. As a consequence of this, only 44% of ^111^In-oxine was retained within the MSCs after 2 hours, 27% after 1 day and 20% after 7 days. Radioactivity in the hearts after 2 hours was 27%, 17% at day 1 and 12% at day 7. Once these values were corrected for the radioactive leakage measured at the same time-points, a mean constant value of 60% of injected MSCs was estimated to be retained within the hearts over a period of 7 days. In another rat study, allogeneic cardiac derived stem cells (CDCs) labeled with ^18^F-FDG were injected intramyocardially into the infarct border zone after MI [@B7]. After 1 hour 18% of radioactivity was retained in the heart. Slowing the heart rate with adenosine doubled the CDC retention to 35%. ^18^F-FDG labeling had no effect on cell viability and proliferation for up to 7 days after labeling.

Mitchell et al. labeled EPCs with ^111^In-tropolone and injected the cells in a canine MI model [@B8]. After 15 days of follow-up it was demonstrated that cell retention following endocardial and epicardial injection were similar (54-57%). This finding had clinical impact since epicardial injections usually requires thoracotomy in patients, whereas endocardial injections can be performed via a minimal invasive injection catheter. Using the same cell type, injection method and canine model Sabondjian et al. recently demonstrated that hybrid SPECT/perfusion computed tomography (CT) of ^111^In-tropolone labeled cells can localize the cells in relation to the infarcted myocardium after intramyocardial injection [@B9].

A swine study by Hou et al. compared intramyocardial injection, intracoronary infusion and interstitial retrograde coronary venous infusion of ^111^In-oxine labeled peripheral blood MNCs [@B10]. After 6 days, significantly more cells were retained after intramyocardial injection (11%) compared with intracoronary (2.6%) and interstitial retrograde coronary venous delivery (3.2%).

Clinical cardiovascular cell tracking studies using radionuclides
-----------------------------------------------------------------

Several clinical human trials have explored tracking of radionuclide labeled progenitor cells (**see Table [2](#T2){ref-type="table"}**).

Hofmann et al. performed either intravenous (n=3) or intracoronary infusion (n=3) of ^18^F-FDG labeled autologous bone-marrow MNCs, in addition to intracoronary infusion (n=3) of ^18^F-FDG labeled CD34+ cells in patients with ST-elevation myocardial infarction (STEMI) [@B11]. PET scan after 1 hour revealed that after intracoronary transfer 1.3% to 2.6% of radioactivity was detected in the myocardium. After intravenous transfer, only background activity was detected in the myocardium. MNCs engrafted in both the infarct center and the border zone. Homing of CD34+ cells was more pronounced in the border zone. Another clinical study on 6 STEMI patients also used intracoronary infusion of ^18^F-FDG labeled CD34+ cells [@B12]. After 1 hour PET scan showed 5.5% of total radioactivity in the myocardium. Homing was predominantly in the border zone of the infarct area.

Eight patients with chronic ischemic heart disease underwent intracoronary infusion of ^99m^Tc-HMPAO labeled Autologous CD133+CD34- Cells [@B13]. SPECT imaging after 1 and 24 hours showed 9.2±3.6% and 6.8±2.4% of the total infused radioactivity in the infarcted area of the heart respectively.

Kang et al. recruited 20 STEMI patients in a study and these underwent either intravenous (n=3) or intracoronary infusion (n=17) of ^18^F-FDG labeled autologous hematopoietic stem cells [@B14]. 2 hours after intracoronary infusion, PET/CT revealed that 1.5% (range: 0.2%-3.3%) of the infused radioactivity accumulated at the infarcted myocardium. Intravenous injection of stem cells showed no myocardial activity. In another study, 10 patients with acute and chronic MI received intracoronary infusion of ^99m^Tc-HMPAO labeled autologous MNCs [@B15]. In the SPECT imaging done 2 hours after intracoronary infusion myocardial activity was observed in all patients with acute (range 1.31-5.10%) and in all but one patient with chronic infarction (range 1.10-3.0%). At 20 hours, myocardial engraftment was noted only in three patients with acute myocardial infarction, whereas no myocardial activity was noted in any patient with chronic infarction.

^111^In-oxine labeled progenitor cells were infused into the lesion supplying coronary artery in 20 patients after acute or chronic MI [@B16]. One hour after the infusion of progenitor cells, a mean of 6.9±4.7% of the total radioactivity was detected in the heart. Radioactivity declined to 2±1% after 3 to 4 days, indicating homing of progenitor cells to the myocardium. The average radioactivity within the first 24 hours was highest among patients with acute MI and progressively decreased in patients with older infarctions.

Cardiovascular cell tracking with MRI
=====================================

A number of studies have shown the feasibility of longitudinal non-invasive monitoring of transplanted cells in pre-clinical models using MRI. This approach could potentially be translated into clinical practice for evaluating stem cell survival and for monitoring therapeutic intervention during tissue rejection. MRI is well suited for stem cell tracking because it can pro-vide both whole-body and detailed information on host organs with near microscopic anatomical resolution and excellent soft-tissue contrast.

Intracellular MRI contrast agents
---------------------------------

For stem cells to be visualized and tracked by MRI, they need to be tagged with a contrast agent so that they are \'MR visible\'. MRI contrast agents either alter the T1 and/or T2 relaxation time, making the local tissue hyper- or hypo-intense respectively. At present there are two types of MR contrast agent used clinically. These are paramagnetic gadolinium-analogues (Gd^3+^-DTPA) or super-paramagnetic iron-oxide nanoparticles. Due to their biocompatibility and strong effect on T2 relaxation time, iron-oxide nanoparticles have been the MRI contrast agent of choice for cell labeling.

Super-paramagnetic reagents consist of an iron oxide core, typically 4-10 nm in diameter, where several thousands of iron atoms are present. A biocompatible polymer surrounds the core to provide steric and/or electrostatic stabilization. There are two types of super-paramagnetic contrast agents, super-paramagnetic iron oxide (SPIO) and ultra-small super-paramagnetic iron oxide (USPIO). The difference between the two is that the SPIOs consist of several magnetic cores surrounded by a polymer matrix whereas USPIOs are individual cores surrounded by a polymer. Super-paramagnetic contrast agents provide predominantly a T2 effect, but smaller particles have shown to possess additional T1 properties [@B17]. A new class of USPIO has been produced known as cross-linked iron oxide (CLIO), whereby the dextran coat of the USPIO is cross-linked in the presence of epichlorohydrin, and then subjected to amination in the presence of ammonia to produce amine-terminated nanoparticles suitable for conjugation [@B18].

Internalization of Intracellular MRI contrast agents
----------------------------------------------------

The contrast agents used in clinical settings were not designed for cellular internalization. To cross the cell membrane, contrast agents must either be used in conjunction with a transfection agent such as poly-L-lysine [@B19],[@B20] or protamine sulfate [@B21], or conjugated to a biological entity, such as a peptide transduction domain. Due to generally low uptake using these agents, several approaches have been described to optimize the internalization process [@B20],[@B22], including linking nanoparticles to the highly cationic HIV-tat peptide [@B23],[@B24] or the use of an anti-transferrin receptor monoclonal antibody covalently linked to nanoparticles [@B25].

Cardiovascular animal cell tracking studies using intracellular MRI contrast agents
-----------------------------------------------------------------------------------

MRI Tracking of cells labeled with iron-oxide based nanoparticles, in cardiovascular disease has been utilized in a variety of animal studies. An overview of these studies can be found in **Table [3](#T3){ref-type="table"}**.

In one study rats were subjected to MI and subsequent intramyocardial injection of SPIO labeled allogeneic MSCs [@B26]. The MSCs were injected in the border zone of the infarct area. Hypointense regions were visible on MRI in the entire 16 week follow-up period. In non-MI control rats injected with labeled cells, the hypointense regions were only visible on MRI for 1 week. This was also the case for MI control rats receiving SPIO particles alone. This indicated that cell retention is dependent on the presence of inflammation in the target tissue and also that SPIO particles from dead cells will be cleared from the area and therefore the hypointense regions on MRI corresponded to SPIO particles within live cells. This was confirmed in histologic analysis done after 1, 16 and 20 weeks. SPIO containing cells were identified at the injection site. Macrophage specific CD68 staining was done and showed that macrophages were only present after 1 week and not after 16 and 20 weeks. The majority of CD68 positive cells did not contain iron, and most of the iron containing cells did not express CD68. Thus, the originally labeled cells were present and not within macrophages. In another study, mice with MI received intramyocardial injections of SPIO labeled allogeneic cardiac embryonic stem cells in the border zone of the infarction [@B27]. Hypointense areas were visible at the injection sites for the entire follow-up period of 4 weeks and post mortem histology confirmed that labeled cells were present in the ischemic region after 4 weeks.

Interesting results were found in a study using a rat MI model, where SPIO labeled allogeneic MSCs were injected intramyocardially into the infarct area 7 days post MI [@B28]. Hypointense regions were visible on MRI in the entire follow-up period of 4 weeks. Post mortem tissue staining with Prussian Blue (PB) revealed that the delivery sites for both labeled and non-labeled cells were infiltrated with inflammatory cells and that most MSCs did not survive. Similar histologic findings where iron particles were engulfed in macrophages, was found in another rat MI study, where rats received intramyocardial injections of either xenogeneic human CDCs or allogeneic rat CDCs [@B29]. The findings in these two studies are in contrast with the other studies mentioned. In the study by Amsalem et al. [@B28] the labeled cells were injected directly into the scar area, whereas most other studies have injected cells into the border zone of infarction. Perhaps the alternative injection site could explain the diverse results in this study. In the study by Terrovitis et al. [@B29] labeled cells was also injected into the scar area, but also into healthy myocardium. These findings could also be due to alternative injection sites, as poor retention in healthy myocardium was also found in the study mentioned above by Stuckey et al. [@B26]. Moreover, CDCs were used in the study by Terrovitis et al., which are not immunoprivileged like the MSCs used in most other studies [@B29].

USPIO labeled allogeneic MSCs were injected intramyocardially into both the lesion and the border zone of the myocardial infarction in yet another rat study [@B30]. Hypointense areas were visible on MRI after 6 weeks and PB stain and fluorescence microscopy showed the presence of the labeled cells at the injections sites. In histology of control rats injected with dead cells, neither the dead cells nor their iron content were detected after 8 days. Using a canine MI model, SPIO labeled autologous MSCs were injected intramyocardially into the border zone of infarction 3 days post MI [@B31]. Injection sites were visible on MRI as hypo-intense regions for the entire 8 week follow-up period. Histology with PB stain showed presence of SPIO containing cells well integrated within the tissue.

Intracoronary infusion was used in a porcine MI model where SPIO labeled autologous MSCs were infused 1-2 weeks post MI [@B32]. Hypointense areas were visible on MRI after 8 weeks. PB staining showed SPIO containing cells in both the border zone and the infarct zone, with most found in the border zone. Fluorescence microscopy showed that the SPIO particles were inside the originally labeled cells. CD68 staining showed that the cells were not taken up by monocytes or macrophages. Corresponding findings were reported by a similar porcine study also using intracoronary infusion of SPIO labeled autologous MSCs 1 week post MI [@B33]. Hypointense areas were again visible the entire follow-up period of 6 weeks and post mortem staining with anti-macrophage antibody (MAC387) showed sparse macrophages, which were separate from the cells containing SPIO particles. Analysis of cell surface markers demonstrated that the labeled cells expressed the same markers as the original transplanted cells. Peng et al. confirmed these results in another similar porcine study, where SPIO labeled autologous MSCs were delivered by intracoronary infusion 1 week after MI [@B34]. Hypointense areas were visible on MRI after a 3 week MRI follow-up period. PB stain and fluorescence microscopy after 8 weeks showed the presence of the originally labeled cells in the border zone of the infarction, but not in the infarct zone.

Ma et al. compared intracoronary infusion of SPIO and USPIO labeled autologous MSCs after MI [@B35]. USPIO labeled cells were detected as hypointense areas on MRI for 8 weeks, whereas SPIO labeled cells were detected for 4-8 weeks. PB stain and fluorescence microscopy showed the originally SPIO and USPIO labeled MSCs corresponding to hypointense signals. Intramyocardial injection of SPIO labeled autologous MSCs were used in another study on pigs after MI [@B36]. In this study MRI was performed up to 3 weeks after treatment and hypointense areas were visible throughout this period. PB stain was positive for iron in sections corresponding to the injection sites. In addition, fluorescence labeling indicated that SPIO particles remained within the originally labeled cells. Finally SPIO labeled allogeneic MSC were injected intramyocardially in pigs 3 days post MI in another study [@B37]. MRI signals were detected for 8 weeks and histologic analyses showed that labeled cells were still present in the ischemic region.

Clinical cell tracking studies using intracellular MRI contrast agents
----------------------------------------------------------------------

MRI tracking of iron-oxide based nanoparticles labeled cells have yet to be carried out in a clinical cardiovascular setting, but both SPIO and USPIO have been used successfully in different clinical studies.

In one study, 10 patients with spinal cord injury received spinal injections of autologous CD34+ cells labeled with magnetic beads [@B38]. Treatment was safe and the labeled cells were tracked with MRI as hypo-intense signals in five patients up to 35 days after injection. In another study, SPIO labeled autologous dendritic cells were injected in lymph nodes in 11 melanoma patients [@B39]. The treatment was safe and labeled cells could be tracked on MRI. Histology of resected lymph nodes confirmed the presence of the original labeled cells. The SPIO labeled cells were negative for the macrophage marker CD68, indicating that the SPIO positive cells were not macrophages. SPIO labeled cells were also used in 15 patients with multiple sclerosis and 19 patients with amyotrophic lateral sclerosis [@B40]. Patients received spinal injections of SPIO labeled MSCs. Treatment was safe and the labeled MSCs were visualized as hypo-intense signals with MRI. SPIO labeled pancreatic islets were transplanted into the livers of 4 patients with type 1 diabetes [@B41]. Treatment was safe and labeled islets were identified as hypo-intense spots in 3 of 4 patients with MRI. In yet another study, one patient with brain trauma was transplanted with SPIO labeled neural cells [@B42]. Treatment was safe and the labeled cells were tracked for 3 weeks. USPIO particles have been used with success in clinical settings as an MRI contrast in patients with stroke [@B43] and for sentinel node identification in cancer patients [@B44],[@B45].

Cardiovascular cell tracking with reporter genes
================================================

Reporter genes are DNA sequences that are introduced to genome of the cell type of interest. The reporter genes encode reporter proteins which in turn can form a complex via specific binding to a selected radiotracer (e.g. reporter probe), which can then be traced by PET, SPECT or MRI. The reporter gene can be introduced to the cells by a variety of methods, including transfection of plasmid DNA, transduction with viral vectors, or incorporation into the DNA of genetically engineered animals [@B46]. Reporter genes have the advantage that the signal emitted is based on the viability and biology of the cell. As the reporter genes are stably integrated into the host cell genome, the reporter will not be lost or diluted upon cell division [@B47]. Reporter genes are therefore suited for long term tracking of cells after implantation.

In vitro studies have demonstrated that embryonic stem cells can be stably transduced with a reporter gene without affecting cell viability, proliferation or differentiation capacity and animal studies demonstrated the possibility to monitor survival, proliferation and migration of injected cells [@B48],[@B49]. The most widely used reporter gene for radiotracer based imaging is herpes simplex virus type 1 thymidine kinase (HSV1-tk). The intracellular complex formed by this enzyme and the reporter probe can then be imaged by PET or SPECT. Several other alternative reporter genes for PET and/or SPECT are also available.

Recently, there has been focus on developing reporter genes for MRI. Candidates have mostly been intracellular metalloproteins like ferritin and tyrosinase. These metalloproteins accumulate intracellular iron and thereby a paramagnetic effect can be detected on MRI. In contrast to PET and SPECT reporter genes, MRI reporter genes do not require reporter probes to \'turn-on\' the label, as the accumulation of intracellular iron will bring them in a state of \'always on\'.

Cardiovascular animal cell tracking studies using reporter genes
----------------------------------------------------------------

An overview of cardiovascular reporter gene studies is presented in **Table [4](#T4){ref-type="table"}**.

Wu et al. injected allogeneic rat cardiomyoblasts transfected with a mutant of the HSV1-tk reporter gene, using a replication-defective recombinant adenovirus, into the myocardium of healthy rats [@B50]. With an ^18^F based reporter probe is was possible to follow the implanted cells for up to 2 weeks. This study was the first to demonstrate the feasibility of PET reporter genes. In another study of healthy rats, Cao et al injected allogeneic embryonic stem cells transfected with a triple fusion reporter gene, enabling simultaneous PET, bioluminescence and fluorescence imaging [@B51]. The study reported survival and proliferation, through increasing signal up to 4 weeks, of the implanted cells.

Sodium iodide symporter (NIS) was used as reporter gene in a study, where rats received intramyocardial injections with allogeneic CDCs transfected with NIS after MI [@B52]. NIS can be used for both SPECT and PET reporter probes. ^99m^Tc was used as SPECT probe and implanted cells could be visualized by SPECT up to 6 days post-injection. NIS expression in CDCs did not affect cell viability and proliferation.True long term tracking was reported by Wang et al., who injected human CD34+ cells transfected with the HSV1-tk reporter gene into the border zone of infarction in mice after MI [@B53]. An ^18^F based reporter probe was also used here. A combination of bioluminescence and PET imaging showed that injected CD34+ cells survived in the hearts for longer than 12 months in the wall of the left ventricle.

Autologous MSCs labeled with another triple fusion reporter gene was injected percutaneously in the infarct border zone in swine 2 weeks post MI [@B54]. PET scan 7 days after showed a decreased cardiac uptake of the ^18^F based reporter probe. After 10 days, presence of the reporter gene labeled MSCs (5.8% of the injected cells) in the myocardium was confirmed histologically. This study was the first cell tracking study using reporter genes in larger animals.

An MRI reporter gene was used in a study by Naumova and colleges [@B55]. In this study a ferritin-overexpressing gene (murine ferritin cDNA with an influenza hemagglutinin epitope tag) was transfected into murine skeletal myoblasts and the cells where then injected intramyocardially into the infarct border zone after MI. The transgenic grafts were detected in-vivo 3 weeks after transplantation on MRI as hypointense areas caused by iron accumulation in the overexpressed ferritin complexes. Ferritin overexpression did not interfere with cell viability, proliferation, or differentiation capacity.

Clinical human cell tracking studies using reporter genes
---------------------------------------------------------

Cell tracking using reporter genes in a cardiovascular setting have yet to be carried out. However, a clinical cell tracking study using reporter genes has been done successfully in a patient with a recurrent brain tumor [@B56]. In this study autologous cytolytic CD8+ T-cells were transfected with both a reporter gene (HSV1-tk) and therapeutic gene, encoding a receptor protein that targets tumor cells and injected into the resection cavity of the original tumor, adjacent to the new tumor. With ^18^F-FHBG as reporter probe it was possible to track the labeled T-cells in the tumor.

Discussion
==========

Originally, it was believed that cell therapy after MI had a direct regenerative effect in the heart [@B57]. Presently, most research indicates that that the improvements are achieved through a paracrine effect [@B58]. It is likely that the ratio of direct/paracrine effect depends, among other biological variables, on the cell type used and the conditions of the host tissue. Regardless, whether through a direct regenerative effect or a paracrine effect, the presence (even if brief) of transplanted cells in the damaged myocardium appears to be an important factor.

There are still many unanswered questions about the ideal cell type for different patient populations in addition to timing, dose and optimal delivery route. To clarify these factors and to optimize the beneficial effect of cell therapies, it is important to be able to non-invasively monitor the presence of transplanted cells and the kinetics and biology of transplanted cells over time and to integrate this with the clinical effects seen in patients.

Radionuclides
-------------

Cell tracking using direct radionuclide labeling and PET and SPECT imaging provides high sensitivity in visualization of implanted cells, but poor spatial resolution and the short half-lives of the used radioisotopes limits this imaging modality, which is presently most suited for short term tracking of cell therapies. Hybrid imaging modalities like SPECT/CT or PET/MR imaging may be another way to overcome some of the problems with short term radionuclide labeling cell tracking studies [@B9].

The short term cell tracking studies that have been done have demonstrated several interesting results. For instance, it should now be obvious that intravenous infusion is not the optimal route for cardiovascular cell therapy since the vast majority of cell home outside the heart [@B4],[@B11],[@B14].

Some of the animal studies indicated that there was a significant leak of radioactivity from the cells into surrounding tissue after transplantation. This would potentially confound the quantification and positive identification of the labeled cells. Tran et al. found a method for correcting the imaging results for this phenomenon [@B6]. The radioactivity levels should be kept to a minimum, due to the concern of inherent radiation damage to the cells and the host. Therefore the radioactive leaking from labeled cell is an important issue, and it should be followed up in future studies.

Several studies have shown impaired viability and proliferation capacity 48-72 hours after labeling stem cells with ^111^In-oxine and ^111^In-tropolone [@B5],[@B59],[@B60]. In contrast, other studies have reported nucleotide labeling not affecting viability, proliferation, or migratory capacity of implanted cells [@B4],[@B6]. Different cell types have been used in these studies and impaired viability and proliferation capacity may be a cell type problem. The issue should be explored further into in future studies using these radionuclides.

MRI
---

MRI of implanted cells labeled with super paramagnetic iron particles has potential for both short term and relative long term cell tracking. MRI offers high image resolution and excellent soft-tissue contrast. A limitation of this method is that the MRI hypo intensities depend on the presence of iron particles in the field of view and not if the particles are actually still within the original labeled cells. This has been a major concern with this imaging method. A few rat studies have observed that the area with implanted cells was infiltrated with inflammatory cells and that most of the implanted cells did not survive after implantation [@B28],[@B29]. None of the other animal studies observed this phenomenon, and most other studies that have made explicit histologic analyses of this issue have found the opposing results, namely that the labeled cells were still alive within the target tissue and not infiltrated by macrophages or monocytes [@B26],[@B27],[@B30]-[@B37]. In both studies where the area of implanted cells was infiltrated with macrophages, the cells were injected directly into to infarct lesion, whereas most other studies have injected their cells into the border zone of the infarct zone. This alternative injection site could be the explanation for the phenomenon. Overall, the concern for phagocytic engulfment of injected cells seems overrated and should not hinder future studies in this area.

In most of the super paramagnetic cell tracking studies the implanted cells were visible as hypo intense areas on MRI in the entire follow-up period, with for the longest of the studies was 16 weeks [@B26]. It should be noted that most studies observed a gradual loss of the MRI intensity during the follow up period, which is to be expected as cell divisions and cell migration will dilute the contrast. But how long super paramagnetic iron oxide labeled cells can actually be followed on MRI is still undetermined.

A significant clinical problem common to all MRI methods is the contraindication of scanning when implantable devices, such pacemakers or defibrillators, or prosthesis are present. However, due to its safety profile and non-invasive property MRI represents, so far, the major imaging method of tracking stem cells in vivo [@B61].

Reporter Genes
--------------

Cell tracking using reporter genes for is a highly interesting method that holds much promise. The results from animal studies have been encouraging and we have for example recently seen evidence that implanted cells can survive in the heart after implantation for more than 12 months [@B53].

Currently reporter gene technology is mostly used in animals, due to safety and ethical concerns about the required genetic modification and whether this may alter the cell function. Although there are risks of mutagenesis, the risk may be low [@B62],[@B63]. Novel developments in site-specific integration technology may even circumvent this issue [@B64].

As in other methods with radioisotope tracing with PET or SPECT, there is also the issue of exposure to ionizing radiation. With MRI reporter genes, this is not an issue.

Future perspectives
-------------------

Currently the field of non-invasive cell tracking imaging is being researched intensively. Isotopes with longer half-life such as ^64^Cu (12.7 hours) could prolong the tracking period for imaging of direct radionuclide labeled cells [@B65],[@B66]. In the field of MRI tracking of stem cells, future clinical cardiovascular studies will hopefully soon take advantage of this promising imaging modality. Where traditional MRI relies on the density and magnetic environment of hydrogen atoms, a new concept of non-proton MRI for cell tracking for quantitative, longitudinal cell tracking is under development [@B67]-[@B69]. The use of a tracer based on ^19^F, instead of metal-based contrast agents such as iron oxides, allows for quantification of cell numbers directly from the image data. Unfortunately, its poor sensitivity requires further evaluation before it is assessed for widespread use. While use of reporter genes for cell tracking might still be in its infancy, many new reporter genes are being developed and if the safety and ethical concerns can be eliminated, this method is very promising.

Conclusion
==========

All of the described imaging modalities have limitations. Therefore, combining imaging modalities may be useful for the best characterization of cardiovascular cell therapy. The most effective imaging strategy must be determined in each case, considering the need for high spatial resolution, sensitivity or follow up time.

###### 

Cardiovascular animal cell tracking studies with radionuclides.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study                  Species (n)   Cell type        Agent                Delivery                                                                              Results
  ---------------------- ------------- ---------------- -------------------- ------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  ***Small animals***                                                                                                                                              

  Aicher et al.\         Rats (16)     Xenogeneic EPC   ^111^In-oxine\       Intravenous\                                                                          After 96 hours the radioactivity in the heart was only 1-2% of the total with intravenous injection, this increased to 3-5% after ventricular injection. Cardiac retention was higher in MI rats than in sham operated rats. The labeling procedure did not affect viability, proliferation, or migratory capacity.\
  2003 [@B4]                                            (SPECT)              Into the left ventricle                                                               Immunostaining of cryosections from infarcted hearts confirmed that EPCs homed predominantly to the infarct border zone.

  Brenner et al.\        Rats (8)      Xenogeneic HSC   ^111^In-oxine\       Into the left ventricle                                                               At 96 hours only 1% of total radioactivity was detected in the heart.\
  2004 [@B5]                                            (SPECT)                                                                                                    ^111^In-oxine induced impairment of cell proliferation and differentiation.

  Tran et al.\           Rats (12)     Autologous MSC   ^111^In-oxine\       Direct Intramyocardial into infarct lesion                                            60% of injected MSCs were estimated to be retained within the hearts over a period of 7 days after correcting for the spontaneous leaking rate of ^111^In-oxine from labeled MSCs.\
  2006 [@B6]                                            (SPECT)                                                                                                    Cell proliferation was not impaired by ^111^In-oxine

  Terrovitis et al.\     Rats (85)     Allogeneic CDC   ^18^F-FDG\           Direct Intramyocardial into infarct border zone                                       After 1 hour 18% of radioactivity was retained in the heart.\
  2009 [@B7]                                            (PET)                                                                                                      Adenosine slowed the ventricular rate and doubled CDC retention\
                                                                                                                                                                   labeling had no effect on cell viability and proliferation for up to 7 days

  ***Larger animals***                                                                                                                                             

  Mitchell et al.\       Canine (7)    Autologous\      ^111^In-tropolone\   Percutaneous Intramyocardial into infarct border zone                                 After 15 days of follow-up cell retention following endocardial and epicardial injection were similar (54-57%).
  2010 [@B8]                           EPC              (SPECT)                                                                                                    

  Sabondjian et al.\     Canine (10)   Autologous\      ^111^In-tropolone\   Direct and percutaneous Intramyocardial into infarct border zone                      Hybrid SPECT/perfusion CT of ^111^In labeled cells can localize the cells in relation to the infarcted myocardium after intramyocardial injection.
  2012 [@B9]                           EPC              (SPECT)                                                                                                    

  Hou et al. [@B10]      Swine (16)    Autologous\      ^111^In-oxine\       intramyocardial, intracoronary and interstitial retrograde coronary venous infusion   Within the myocardium, significantly more cells were retained after intramyocardial injection (11%) compared with intracoronary (2.6%) and interstitial retrograde coronary venous delivery (3.2%).
                                       MNC              (SPECT)                                                                                                    
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

EPC: endothelial progenitor cells; SPECT: single-photon emission computed tomography; MI: myocardial infarction; HSC: hematopoietic stem cells; MSC: mesenchymal stromal cells; CDC cardiac derived stem cells; ^18^F-FDG: ^18^F- fluorodeoxyglucose; PET: Positron emission tomography; MNC: mononuclear cells; CT: computed tomography.

###### 

Cardiovascular clinical human cell tracking studies with radionuclides.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study                 Patient (n)                  Cell type             Agent                   Delivery                      Results
  --------------------- ---------------------------- --------------------- ----------------------- ----------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Hofmann et al.\       STEMI (9)                    Autologous\           ^18^F-FDG\              Intravenous / Intracoronary   1 hour after intracoronary transfer 1.3% to 2.6% of total radioactivity was detected in the myocardium.\
  2005 [@B11]                                        MNC and CD34+ Cells   (PET)                                                 1 hour after intravenous transfer, only background activity was detected in the myocardium.\
                                                                                                                                 MNCs engrafted in the infarct center and border zone. Homing of CD34+ cells was more pronounced in the border zone.

  Blocklet et al.\      STEMI (6)                    Autologous\           ^18^F-FDG\              Intracoronary                 1 hour after intracoronary transfer 5.5% of total radioactivity was detected in the infarcted myocardium.\
  2006 [@B12]                                        CD34+ Cells           (PET)                                                 Homing was predominantly in the border zone of the infarct area.

  Goussetis et al.\     Chronic IHD (8)              Autologous\           ^99m^Tc-HMPAO (SPECT)   Intracoronary                 1 hour after intracoronary transfer of 9.2% of total infused radioactivity was located in the infarcted area of the heart.\
  2006 [@B13]                                        CD133+CD34- Cells                                                           After 24 hours 6.8% of total infused radioactivity was located in the infarcted area of the heart.

  Kang et al.\          STEMI (20)                   Autologous\           ^18^F-FDG (PET/CT)      Intravenous / Intracoronary   2 hours after intracoronary infusion, 1.5% of infused radioactivity accumulated at the infarcted myocardium\
  2006 [@B14]                                        HSC                                                                         Intravenous injection of stem cells showed no myocardial activity.

  Penicka et al.\       STEMI and chronic IHD (10)   Autologous\           ^99m^Tc-HMPAO (SPECT)   Intracoronary                 2 hours after intracoronary infusion myocardial activity was observed in all acute patients (range 1.31-5.10%) and in all but one chronic patient (range 1.10-3.0%). At 20 hours, myocardial engraftment was noted only in three acute patients and none with chronic infarction.
  2007 [@B15]                                        MNC                                                                         

  Schächinger et al.\   STEMI and chronic IHD (19)   Autologous\           ^111^In-oxine (SPECT)   Intracoronary infusion        One hour after application of CPCs 6.9% of total radioactivity was detected in the heart, which declined to 2% after 3 to 4 days. Average activity within the first 24 hours was highest among patients with acute myocardial infarction and progressively decreased in patients with older infarctions.
  2008 [@B16]                                        CPC                                                                         
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

STEMI: ST-elevation myocardial infarction; MNC: mononuclear cells; ^18^F-FDG: ^18^F- fluorodeoxyglucose; PET: Positron emission tomography; IHD: ischemic heart disease; ^99m^Tc-HMPAO: 99mTc-hexamethylpropylenamineoxime; HSC: hematopoietic stem cells; CT: computed tomography; CPC: circulating progenitor cells.

###### 

Cardiovascular animal cell tracking studies with MRI.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study                  Species (n)   Cell type                        Agent          Delivery                                                        Results
  ---------------------- ------------- -------------------------------- -------------- --------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  ***Small animals***                                                                                                                                  

  Stuckey et al.\        Rats (18)     Allogeneic MSC                   SPIO           Direct Intramyocardial into infarct border zone                 Detection of transplanted labeled cells up to 16 weeks in MI rats. Only for 1 week in non-MI rats.\
  2006 [@B26]                                                                                                                                          Histology identified SPIO containing cells at the injection sites. CD68 staining showed that macrophages were present after 1 week, but not after 16 weeks or 20 weeks. CD68 positive cells did not contain iron, and iron containing cells did not express CD68.

  Amsalem et al.\        Rats (34)\    Allogeneic MSC                   SPIO           Direct Intramyocardial into infarct area                        Hypointense areas at injection sites visible after 4 weeks.\
  2007 [@B28]            \                                                                                                                             PB stain showed that delivery sites for both labeled and non-labeled cells were infiltrated with inflammatory cells and that most MSC did not survive.

  Ebert et al.\          Mice (16)\    Allogeneic CESC                  SPIO           Direct Intramyocardial into infarct border zone                 Detection of transplanted cells up to 4 weeks.\
  2007 [@B27]            \                                                                                                                             Labeled cells were still present in the ischemic region after 4 weeks.

  Terrovitis et al.\     Rats (21)\    Allogeneic and Xeno-geneic CDC   SPIO\          Direct Intramyocardial into infarct area or normal myocardium   Detection of transplanted cells up to 3 weeks.\
  2008 [@B29]            \                                              \                                                                              PB and CD68 stain showed injection sites with iron containing macrophages and only few of the injected cells.

  Chapon et al.\         Rats (15)\    Allogeneic MSC                   USPIO          Direct Intramyocardial into infarct area and border zone        Detection of transplanted cells up to 6 weeks.\
  2009 [@B30]            \                                                                                                                             PB stain and fluorescence microscopy showed the presence of the labeled cells at the injections sites after 6 weeks.\
                                                                                                                                                       At 8 days neither the dead cells nor their iron content were detected. The injected labeled cells had no influence on the function of healthy myocardium

  ***Larger animals***                                                                                                                                 

  Bulte et al.\          Canine (6)\   Autologous MSC                   SPIO\          Intramyocardial into infarct border zone                        Hypointense areas at injection sites visible after 8 weeks.\
  2005 [@B31]            \                                              \                                                                              PB stain showed presence of SPIO containing cells well integrated within the tissue.

  Kraitchman et al.\     Swine (5)\    Autologous MSC                   SPIO           Intramyocardial                                                 Detection of transplanted cells up to 3 weeks.\
  2003 [@B36]            \                                                                                                                             PB stain was positive for iron in sections corresponding to the injection sites.\
                                                                                                                                                       Fluorescently labeling indicated that SPIO remained within the originally labeled cells.

  Armado et al.\         Swine (14)    Allogeneic MSC                   SPIO           Percutaneous Intramyocardial                                    Detection of transplanted cells up to 8 weeks.\
  2005 [@B37]                                                                                                                                          Labeled cells were still present in the ischemic region after 8 weeks.

  Ma et al.\             Swine (20)\   Autologous\                      SPIO / USPIO   Intracoronary                                                   Detection of transplanted USPIO labeled cells after 8 weeks. SPIO labeled cells after 4-8 weeks.\
  2011 [@B35]            \             MSC                                                                                                             PB stain and fluorescence microscopy showed the originally SPIO and USPIO labeled MSCs corresponding to the MRI signals.

  Peng et al.\           Swine (20)    Autologous\                      SPIO           Intracoronary                                                   Detection of transplanted cells after 3 weeks. PB stain and fluorescence microscopy after 8 weeks showed the presence of the originally labeled cells in the border zone of the infarction but not in the infarct zone.
  2011 [@B34]                          MSC                                                                                                             

  Yang et al.\           Swine (25)\   Autologous\                      SPIO           Intracoronary                                                   Detection of transplanted cells after 8 weeks. PB stain showed SPIO containing cells in both the border zone and the infarct zone, with most found in the border zone. Fluorescence microscopy showed that the SPIO particles were inside the originally labeled cells. CD68 stain showed that the cells were not taken up by monocytes or macrophages.
  2011 [@B32]            \             MSC                                                                                                             

  Graham et al.\         Swine (11)    Autologous\                      SPIO           Intracoronary                                                   Detection of transplanted cells after 6 weeks.\
  2010 [@B33]                          EPC                                                                                                             Staining with MAC387 showed sparse macrophages, which were separate from the cells containing SPIO particles. Analysis of cell surface markers demonstrated that the labeled cells expressed the same markers as the original transplanted cells.
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

MSC: mesenchymal stromal cells; SPIO: super-paramagnetic iron oxide; MI: myocardial infarction; PB: Prussian Blue; CESC: Cardiac Embryonic Stem Cells; CDC cardiac derived stem cells; USPIO: ultra-small super-paramagnetic iron oxide; MRI: magnetic resonance imaging; EPC: endothelial progenitor cells.

###### 

Cardiovascular animal cell tracking studies with reporter genes.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study                  Species (n)   Cell type                      Reporter gene      Reporter Probe     Delivery                                                Results                                                                                                                                                                       
  ---------------------- ------------- ------------------------------ ------------------ ------------------ ------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --
  ***Small animals***                                                                                                                                                                                                                                                                                                                             

  Wu et al.\             Rats (25)     Allogeneic cardio -myoblasts   HSV1-sr39tk        ^18^F-FHBG (PET)   intramyocardial injection                               At day 2 PET revealed that within the transplanted region, there was a 4.5 fold increase of in vivo ^18^F-FHBG activity compared with control animals.                        
  2003 [@B50]                                                                                                                                                                                                                                                                                                                                     

  Cao et al.\            Rats (26)     Allogeneic ESC                 TF1                ^18^F-FHBG (PET)   intramyocardial injection                               Bioluminescence and PET signals demonstrated survival and proliferation of ESCs up to 4 weeks after implantation.                                                             
  2006 [@B51]                                                                                                                                                                                                                                                                                                                                     

  Terrovitis et al.\     Rats (31)     Allogeneic CDC                 NIS                ^99m^Tc (SPECT)    intramyocardial injection                               Cells could be visualized by SPECT up to 6 days post-injection.\                                                                                                              
  2008 [@B52]                                                                                                                                                       NIS expression in CDCs did not affect cell viability and proliferation.                                                                                                       

  Wang et al.\           Mice (14)     Xenogeneic\                    HSV1-tk            ^18^F-FEAU (PET)   intramyocardial into infarct border zone                Bioluminescence imaging showed that injected CD34+ cells survived in the hearts for longer than 12 months.\                                                                   
  2010 [@B53]                          CD34+ cells                                                                                                                  The PET signal from the injected cells was detected in the wall of the left ventricle.                                                                                        

  Naumova et al.\        Mice (16)     Allogeneic\                    HA-ferritin cDNA   (MRI)              intramyocardial into infarct border zone                The transgenic grafts were detected in-vivo 3 weeks after transplantation on MRI as hypointense areas caused by iron accumulation in the overexpressed ferritin complexes.\   
  2008 [@B55]                          skeletal\                                                                                                                    Ferritin overexpression did not interfere with cell viability, proliferation, or differentiation capacity.                                                                    
                                       myoblasts                                                                                                                                                                                                                                                                                                  

  ***Larger animals***                                                                                                                                                                                                                                                                                                                            

  Gyöngyösi et al.\      Swine (14)    Autologous MSC                 TF2                ^18^F-FHBG (PET)   Percutaneous intramyocardial into infarct border zone   Seven days after injections, PET showed a decreased cardiac uptake of ^18^F-FHBG.\                                                                                            
  2008 [@B54]                                                                                                                                                       After 10 days, presence of the reporter gene labeled MSCs (5.8% of the injected cells) in the myocardium was confirmed histologically.                                        

                                                                                                                                                                                                                                                                                                                                                  
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

HSV1-sr39tk: mutant herpes simplex type 1 thymidine kinase; ^18^F-FHBG: 9-(4-^18^F-fluoro-3hydroxymethylbutyl) guanine; PET: Positron emission tomography; ESC: embryonic stem cells; TF1: tri-fusion reporter gene that consists of firefly luciferase, monomeric red fluorescence protein; and truncated thymidine kinase; CDC cardiac derived stem cells; NIS: sodium iodide symporter; SPECT: single-photon emission computed tomography; HSV1-tk: herpes simplex virus type 1 thymidine kinase; ^18^F-FEAU: ^18^F-labeled 2-deoxy-2-fluoro-5-methyl-1-β-D-arabinofuranosyluracil; HA: influenza hemagglutinin; MRI: magnetic resonance imaging; MSC: mesenchymal stromal cells; TF2: tri-fusion reporter gene consisting of the protein renilla luciferase, red fluorescent protein and herpes simplex truncated thymidine kinase.
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